The moisture sorption isotherms of Algerian bay leaves (Laurus nobilis) were determined experimentally in this work. The equilibrium moisture contents of the leaves were measured at 40, 50, and 60 °C using static gravimetric method. Six mathematical models were tested to fit the experimental data of sorption isotherms and predict the hygroscopic behavior during storage or drying. Peleg model was found to be the best fitting model for describing the sorption curves. The net isosteric heat of sorption was computed from the equilibrium data at different temperatures by applying the integrated form of the Clausius-Clapeyron equation.
INTRODUCTION
The vegetal world is full of resources and virtues, from which man draws not only food but also its active substances, which often provide a benefit to the organism sometimes affected with insidious disorder. Algeria has splendid gardens and evergreen lands with virtuous plants; they are frequently used for several applications; pharmacies, medicines and food among them the bay leaves. This tree belongs to the Lauraceae family and is native from the southern Mediterranean region (Baba-Aissa 1999) . Currently, the plant is cultivated in many countries such as Turkey, Algeria, France, Greece, Morocco, Portugal, Spain, Belgium, Canary Islands, Mexico, Central America and the southern United States. Bay leaves are green smooth, leathery glossy top and paler underneath; they are also widely used in traditional medicine thanks to its medicinal properties: anti parasitic, stimulant, anticonvulsant, stomachic, pedicle (Beloued 1998 , Ben-Jemaa et al. 2012 , antidiabetics (Afifi et al. 1997) and can act against the gastro-intestinal problems, rheumatism, diuretic, urinary problems and stones (Sellami et al. 2011) .
The plants are used fresh, nevertheless they undergo physical, chemical and microbiological changes influenced by the moisture content of the product, water activity and storage temperature (Lahsasni et al. 2002) .This will generate degradation quality of product in a few days thus drying of the plant prior to their storage is therefore needed for maintaining them stable.
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The sorption isotherms are extremely important quantitative measures in the conservation, the storage and the packaging of the finished products (Rajia and Ojediran 2011, Sargent et al. 2010) . They represent the relationship between the equilibrium moisture content and the relative humidity and allow to draw insights about the distribution and intensity of connections of water in the existing products and the hygroscopic equilibrium.
Several methods are given in the literature to determine experimentally the sorption isotherms. Mathematical models have been highlighted to better describe the sorption isotherm; over 77 equations with two or more parameters have been proposed in the literature . Among these models: Model of GAB (Van der Berg and Bruin 1981), Peleg (Peleg 1993) , Smith (Smith 1947) , white and Eiring (Castillo et al. 2003) , Henderson Thompson (Thompson et al. 1968) and Caurie (Castillo et al. 2003) .
On the other hand, one of the essential parameters that must be known for the storing and drying processes is the isosteric heat of sorption. It represents the energy released during the adsorption; during desorption it symbolizes the energy needed to break the intermolecular forces between the molecules of the water vapor and the surface of the adsorbent (Rizvi 1995) .
It is established using the sorption isotherms data and serves for the design and optimization of the dryers.
Over the past two decades, a large number of studies have focused on the sorption isotherms of aromatic and medicinal plants , He et al. 2013 , Bejar et al. 2012 , Martinez et al. 2014 .
So this study was undertaken to determine the sorption isotherms for bay leaves at three temperatures (40, 50, 60 °C) using the static gravimetric method. In addition, analytical models were used to adjust the experimental data and determine the net isosteric heat of sorption of the plant at different moisture contents.
MATERIALS AND METHODS

Experimental procedure
Bay leaves used in this study were grown in the Bouzaréah region located at 4 km from the Algiers city centre, Algeria.
The sorption isotherms of bay leaves (Laurus nobilis L.) were determined for three temperatures 40, 50, and 60 °C using standard static gravimetric method (Lang et al. 1981) . This method requires a lot of time for reaching the hygroscopic equilibrium; it has the advantage of presenting a more restricted domain of moisture content variation. This method is based on the use of six saturated salt solutions prepared by solubilizing an appropriate amount of salt in distilled water at each temperature. Saline solutions were used to maintain constant relative humidity (Greenspan 1977) .
The experimental setup is shown in Figure 1 . It consists of six glass jars of 1 liter each with an insulated protective cover for avoiding rehumidification of the samples. Each glass jar is filled to the quarter with a saturated salt solution. An aluminum sample holder containing (0,2 ± 0,0001g) of bay leaves is deposited on a PVC tube, which is placed in the jar. Each jar contains a different salt solution (KOH, MgCl 2 , K 2 CO 3 , NaNO 3 , KCl and BaCl 2 ) in order to have water activities from 0,05 to 0,90 (Table 1) (Dumoulin et al. 2004) . The jars are placed in an oven at a fixed temperature for 24 hours. In order to obtain desorption isotherms; samples should be moistened so they lose moisture in the jars with saline solution. For adsorption, the samples must be pre-dried in an oven at 50°C to acquire moisture in the jar (Lahsasni et al. 2002 , Ait Mohamed et al. 2005 .
The six samples were weighed each three days with a precision balance (± 0,0001g) until equilibrium was reached.
The equilibrium moisture content of each sample was determined in a drying oven at 105 °C (± 0,1 °C) for 24 hours (AOAC 1990) .
The difference of mass before and after drying in the oven was used to determine the moisture content Xe of the product at equilibrium (1) M w : the mass of the sample before drying; M d : the mass of the sample after drying; Xe: equilibrium moisture content.
DATA ANALYSIS Modeling of sorption isotherms
Various models have been proposed and tested in the literature for correlating the equilibrium moisture content with relative humidity. Six models were selected for fitting the experimental data of sorption isotherms of bay leaves for 40, 50 and 60 °C and are reported in Table 2 .
For the analysis of nonlinear regression, computer programs are used to estimate the constant models from experimental results. The goodness of fit was determined using, the mean relative percentage deviation (P %), standard deviation (S) and the correlation coefficient (r). Table 2 . The models applied to the experimental sorption data of Laurus nobilis leaves.
Each parameter was determined using equations (2-5) (Aguerre et al. 1989 , Park et al. 2002 .
Determination of the isosteric heat
The net isosteric heat of sorption can be determined from moisture sorption data using the following equation which is derived from Clausius-Clapeyron relation (equation 6) (Ait Mohamed et al. 2005 , Janjai et al. 2006 . (6) Where aw is the water activity, Qst the net isosteric heat of sorption (kJ/mol), R the universal gas constant (kJ/mol K) and T is absolute temperature (K).
The integration of equation (6) leads to equation (7): (7) The net isosteric heat of sorption can be calculated from Eq. (7) by plotting the sorption isotherm as ln a w against 1/T for a specific moisture content of material and determining the slope which equals Q st /R. This procedure is repeated for all values of the equilibrium water content.
Marquardt-Levenberg (Jamali et al. 2006) non-linear optimization method, using the computer programs Curve Expert 1.4, and Origin 8.5 were used to find the best equation for bay leaves sorption isotherms.
RESULTS AND DISCUSSION
Experimental results (desorption and adsorption isotherms)
The hygroscopic equilibrium of bay leaves is achieved respectively after 18 days for desorption and 15 days for adsorption. Figures 2 and 3 show the experimental results of sorption obtained for each working temperature 40, 50 and 60 °C.
The figures of sorption isotherms have a sigmoidal shape and are of type II according to the BET classification, in agreement with the behavior of other medicinal and aromatic plants and food products , Bejar et al. 2012 . These isotherms show that for the same value of water activity, moisture content at equilibrium decreases with increasing temperature. This result can be explained by considering that the temperature increase leads to the decrease of the binding energy between water molecules present in the product, and consequently reduces the attractive forces between the water molecules and sorption sites (Al-Muhtaseb et al. 2002 , Miranda et al. 2012 . Similarly, at a constant temperature, the equilibrium moisture content increases with increasing water activity. Similar results were observed in several other studies for aromatic and medicinal plants (Bejar et al. 2012 , He et al. 2013 , Martinez et al. 2014 .
The different equilibrium moisture contents observed at the same water activity, between adsorption and desorption processes constitute the hysteresis cycle (Figure 4) (Salin 2011) .It occurs during the adsorption or desorption, due to changes in the structure and porosity. Moreira et al. 2005 , can be explained this phenomenon by pre-drying at which the samples were submitted in the case of adsorption. The pre-drying changes and closes the pores and water binding sites in the bay leaves (by shrinkage and/or chemical processes) , Bejar et al. 2012 . Fitting of sorption models to experimental data A number of empirical and semi-empirical equations have been proposed to fit the experimental data of the water content at equilibrium. Among these models Henderson Thompson, Curie, Smith, Peleg, GAB, White and Eiring were chosen.
The results of the nonlinear regression analysis of experimental data for the bay leaves and the coefficients of each model, as well as their statistical average ratio (P) and the standard error of the estimate (S) are presented in Tables 3 and 4 . Tables 3 and 4 show that the model of Peleg gives the best fit to the experimental data obtained from the desorption and adsorption isotherms of bay leaves for a range of water activity between 0,05 and 0,9 ( Figure 5) . Peleg model provides a correlation coefficient from 0,995 to 0,999 and an average relative error (P %) is ranging from 4,664 to 9,786% for desorption and 2,47 to 8,3% for the adsorption.
Peleg model was successfully applied to several aromatic and medicinal plants such as olive leaves ) and orange leaves (Bejar et al. 2012) . These leaves have the same texture even though they differ in their geometries. The fitting of the sorption isotherms by Peleg model at different temperatures is displayed in Figure 5 . 
Isosteric heat of sorption
Net isosteric heat of sorption of bay leaves was determined from experimental data of sorption isotherms. At each experimental temperature, Peleg model was used to obtain the values of the water activity at constant moisture content.
Net isosteric heat of sorption values were calculated from the slope of the curve (ln (aw) as a function of (1/T)) at constant moisture content as shown in Figure 6 . Net isosteric heat of sorption of bay leaves were determined by combining the model Peleg with equation (7) for different moisture content, they are shown in Figure 7 for adsorption and desorption. These results show that the net isosteric heats decreases with the increase of moisture content, indicating that the maximum energy is being used to remove the water present in the product at low moisture content. This phenomenon could be due to the presence of highly active polar sites on the surface of the product, which are covered with water molecules, forming a monomolecular layer (Tsami 1991) . Another explanation to this phenomenon could be the elevation of the isosteric heat of sorption at low humidity due to higher resistance to water movement from the inside to the surface of the samples (Iglesias and Chirife 1976) . Similarly, the net isosteric heat of adsorption is lower than that of the desorption.
Similar results for other medicinal plants have been reported in the literature , Bejar et al. 2012 , Lahsasni et al. 2002 .
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The net isosteric heat of adsorption and desorption of water in bay leaves can be expressed mathematically by an exponential function of the moisture content for the adsorption and desorption:
For adsorption: r = 0,998; S = 0,173
For desorption: r = 0,999; S = 3,392 (9) These mathematical relationships may be used to calculate the heat of sorption of bay leaves for various moisture contents.
CONCLUSIONS
The sorption isotherm curves were determined experimentally for the bay leaves at three temperatures (40, 50, 60 °C) and relative humidity within the range of 5-90% commonly used in the drying and storage of bay leaves. The experimental data of the moisture equilibrium of the plant have been fitted with six mathematical models to determine the best model for predicting desorption and adsorption. Among the selected models, the model of Peleg was the most appropriate for describing the curves of adsorption and desorption. The sorption curves have a sigmoidal shape. The hysteresis phenomenon was observed for the range of temperature studied. The net isosteric heats of sorption were determined for bay leaves by combining the model of Peleg with the Clausius-Clapeyron equation. The heat of sorption was inversely proportional to the amount of moisture and is found to be an exponential function of moisture content. Two equations were developed to describe variations of isosteric sorption heats. These results represent a preliminary phase of the study of the drying kinetics of bay leaves in a convective indirect solar dryer.
